We are investigating imaging techniques to study the rapid biochemical and physiological response of tumors to photodynamic therapy (PDT). Positron emission tomography (PET) can provide physiological and functional images of cancers. While MRI can provide high resolution anatomical images and generate serial, noninvasive, in vivo observations of morphological changes. In this study, we investigate image registration methods to combine MRI and micro-PET (µPET) images for improved tumor monitoring. We acquired high resolution MR and PET 18 Ffluorodeoxyglucose (FDG) images from mice with RIF-1 tumors. We used rigid body registration with three translations and three angular variables. We used normalized mutual information as the similarity measure. To assess the quality of registration, we performed slice by slice review of both image volumes, manually segmented feature organs such as the left and right kidneys and the bladder in each slice, and computed the distance between corresponding centroids of the organs. We also used visual inspection techniques such as color overlay displays. Over 40 volume registration experiments were performed with MR and µPET images acquired from three C3H mice. The color overlays showed that the MR images and the PET images matched well. The distance between corresponding centroids of organs was 1.5 ± 0.4 mm which is about 2 pixels of µPET. In conclusion, registration of high resolution MR and µPET images of mice may be useful to combine anatomical and functional information that could be used for the potential application in photodynamic therapy.
INTRODUCTION
Photodynamic therapy (PDT) is USFDA approved (with the photosensitizer Photofrin) for advanced esophageal, early lung and late lung cancer.
1,2 In PDT, a tumor-localized photosensitizer is irradiated with visible light to generate reactive oxygen that efficiently kills cells and ablates tumors. PDT is a three-component treatment. of a wavelength absorbed by the photosensitizer and generally in the red region of the spectrum (since longer wavelengths penetrate human tissue best); and (c) molecular oxygen. With an adequate oxygen supply and light intensity, the site of photodamage depends on the location of the photosensitizer. An important advantage of PDT is that both the photosensitizer and the light are inert by themselves, and the light can be precisely focused onto a selected region, allowing extreme specificity in the localization of the photodynamic effect. Consequently, systemic toxicities are minimized.
Imaging techniques are used for the study of cancer. Positron emission tomography (PET) is widely used to study the physiology of many types of cancer.
3,4 Since tissue uptake of 18 F-fluorodeoxyglucose (FDG) depends on both blood flow and hexokinase activity, it can be a good probe to investigate the mechanisms of PDT that dependent on the two parameters. However, because FDG uptake depends on both, it is difficult to differentiate on the basis of FDG alone. We had planned to also do water (perfusion) and carbon monoxide (blood volume). Lapointe et al. reported the study of PET FDG imaging for monitoring the response of tumors to PDT. 3 A micro-PET (µPET) imager was designed and built to perform dynamic in vivo PET scans of tumor-bearing mice after PDT. Reductions in FDG uptake of a treated tumor relative to an untreated tumor in the same animal were observed. 3 Magnetic resonance imaging (MRI) has also been used to evaluate PDT-induced hemorrhagic necrosis in the murine M1 tumor within 72 hours of treatment of male DBA/2 mice.
5-7
In this project, we investigate using both µPET and high-resolution MR imaging techniques for improved tumor monitoring. Though PET images can provide the dynamic functional information, MR has superior anatomical information for the locations of tumors and organs and can make serial, noninvasive, in vivo observations of morphological changes. Conversely, PET can provide functional information that is not available in normal anatomical MR images. The goal of this project is to apply PET imaging to study the rapid biochemical and physiological response of tumors to PDT and to use MR to monitor the anatomical and morphological changes of tumors.
The combination of µPET and high-resolution MRI has several advantages. First, MRI scans provide anatomical reference to the PET images. Second, registration of PET and MRI images can enhance our ability to visualize the location of the FDG uptake. Third, MRI provides tumor shape and size information that can be used to improve the accuracy of the PET data analysis such as drawing region of interests (ROIs) and performing quantitative analyses. Fourth, MRI can be used to correct PET data for partial volume effects to clarify that the PET-measured changes induced by PDT are due to metabolic and hemodynamic changes and not artifacts due to changes in tumor size.
In this study, we focus on image registration methods for the alignment of MRI and µPET images. Several reports described the registration of MRI and PET for the cat brain, 8 the rat brain, 9 a brain phantom, 10 and radiotherapy planning. 11 There is no report on mutual information image registration of µPET and MRI for the study of photodynamic therapy. We acquired both PET and MR images from mice with tumors and performed over 40 registration experiments. Evaluation results from visual inspection and quantitative measurements are reported.
REGISTRATION ALGORITHM

Similarity Measurements
Based on our previous experience, 12, 13 we chose normalized mutual information (NMI) as the similarity measure in our registration because it is robust and suitable for multi-modality image registration. 14, 15 One image R is the reference, and the other F is floating. Their normalized mutual information (NMI) is given by the following equation. 
Registration Algorithm
The input data include the PET transmission, emission, and high-resolution MR images. We normally discretize the image intensity to 256 levels. We combine the PET transmission and emission images and form one data set by taking a weighted sum. We assume that there is no movement between the transmission and emission scans. We use the combined PET data and the high-resolution MR image for mutual information registration.
We used rigid body transformation (three translations and three rotations) and trilinear interpolation as described previously. 16 For optimization, we used the downhill simplex method of Nelder and Mead. 17 Optimization of similarity ends either when the maximum number (800) of calculations is reached or the fractional change in similarity function is smaller than a tolerance (0.001). Typically the latter is achieved within about 200 iterations. Our very first initial guess is all zeros for the 3 displacements and 3 angles.
EXPERIMENTAL METHODS
Animal Preparation
RIF (Radiation-induced fibrosarcoma)-1 cells were grown as monolayers in E-MEM supplemented with 15% fetal bovine serum (ref. 18 ). Prior to inoculation, C3H/HeN mice were shaved and depilated. Two tumors were initiated in each mouse by injection of 10 5 -10 6 RIF-1 cells intradermally on the shoulder flanks, as far from the bladder and kidneys as possible to minimize spillover in PET images. Tumors were treated and imaged when they reach 3-5 mm in diameter, which required 7-10 days after implantation. Animals were given the photosensitizer Pc 4 (1 mg/kg) by tail vein injection. After 24 hours, one of the tumors was exposed to red light (670 nm) from a diode laser (150 J/cm 2 ;
150 mW/cm 2 ).
Three animals were studied for µPET and MR imaging. We know from experience that neither the light nor the photosensitizer alone produces any response, so initially, one of the two tumors in each animal served as a control (receiving photosensitizer but no light), and the other tumor was exposed to laser light.
MR Image Acquisition
Two days after photosensitizer injection, the animals were taken to the MR imaging facility. The mouse images were acquired using a Siemens Sonata 1.5 T scanner (Siemens Medical Systems, Erlangen, Germany). A custom-designed whole-body mouse coil (2-element phased-array, ID = 32 mm) was used to minimize noise levels. A T1-weighted spin echo pulse sequence (TR/TE=600/13ms) with a slice thickness of 1-mm was used to generate high-resolution coronal images (Matrix = 256 x 120, FOV = 80 x 36-mm). The number of signal averages was typically set at six to obtain low noise images. In these T1 images, the tumors are clearly delineated by the bright subcutaneous fat signal. During each imaging session, the animals were mounted on a plastic holder and were provided with a continuous supply of 2% isoflurane (EZAnesthesia, Palmer, PA) in oxygen to minimize motion artifacts in MR images.
Micro-PET Image Acquisition
After MR image acquisition, the animals with the plastic holder and the lasers were taken to the PET imaging facility. We used a MicroPET R4 scanner (Concorde Microsystems, Inc., Knoxville, TN 37932) designed specifically for imaging small rodents. 20 The in vivo functional imaging with microPET® allows both serial and longitudinal studies to be conducted in the same animal. We followed a single animal over 90-minute period of time and monitored the response of PDT and the outcome.
We used 18 F-FDG (fludeoxyglucose) that is the standard radiopharmaceutical used in PET scanning for tumor diagnosis and assessment, for cerebral glucose metabolism, and for myocardial metabolic assessment. It has become a standard commodity and is obtained commercially as well as being produced on the premises. It was produced for this experiment in standard fashion. 21, 22 The control tumor was shielded with black cloth, and the animals were placed in plastic holders to restrain them during imaging. The mouse was studied for FDG accumulation, blood flow and blood volume. Depending upon the simulations, 18 F-FDG was injected as a bolus or by continuous infusion into the tail vein. About 6 min later, laser light was focused onto a 1-cm spot encompassing the non-shielded tumor. FDG accumulation in both tumors was measured during the 15-min light exposure.
We acquired both transmission and emission images from the same mouse. Since the animal did not move during the image session, we assume the there is no movement between the two scans. The PET images include 63 transverse slices covering the whole mouse. Each slice has 128x128-pixel with an in-plane pixel size of 0.85 x 0.85-mm and a thickness of 1.2 mm.
Preprocessing
The input MR volume is a 2D MR acquisition giving 256 x120 with an in-plane resolution of 0.3x0.3-mm and a slice thickness of 1.0-mm. Twenty nine coronal slices over a field of view cover the whole mouse. Using tri-linear interpolation, we create isotropic voxels of 0.3 mm on a side for both PET and MR image volumes. We optionally discretize the intensity to 256 levels. We use IDL (Interactive Data Language, Research System Inc., Boulder, CO) as the programming language.
For purposes of registration, we optionally cropped image slices that were not of interest. For example, the tumors were on the mouse back near the shoulder, we cropped out images at the abdomen and tail. Before cropping, the image volume was 350x250x250-voxel covering the whole mouse. After cropping, we created a volume with 128x128x248-voxel near the region of interest. Cropping processing can bring two advantages for the mouse registration. First, cropping out regions that are not of interest can increase image consistency for the mutual information registration. Since the mouse body is very flexible, the deformation at the abdomen can cause inconsistency for the rigid body registration. Second, the small number of voxels after cropping can increase the speed of image registration. Figure 1 shows the registration of the left and right kidneys of a mouse. The MR image provides the shape of the kidneys. The PET image shows the FDG uptake of the organs. The fused image combines both anatomic and functional information. We also examined other slices in different positions. The kidneys were well-aligned in three dimensions. The kidneys are good anatomic markers for registration evaluation. Other feature organs such as the bladder and heart were also aligned. 
Results and Discussion
Visual Inspection
Effects of Intensity Scaling
We tested the effect of intensity scaling on image registration. Since PET images are stored as float data, we normally discretize the data to 256 gray levels for image display and processing. We then use the scaled data and apply the mutual information algorithm. Different intensity scaling creates different joint histograms that affect the mutual information calculation. We performed registration experiments using different intensity scaling such as 512, 256, 128, 64, or 32 bins for both volume data sets. Scaling was linear between zero and the maximum value. Registration was examined by analyzing the normalized mutual information values and visual inspection.
In Figure 3 , we show the NMI values between the PET transmission image and MR image volume. First, the NMI values increased after registration. Second, when the bin size is 256, the NMI is the maxim indicating the gray level of 256 is the best for the registration. The visual inspection confirmed the results.
Quantitative Evaluation
We used features identifiable in both PET and MR images to evaluate the mouse registration. We manually segmented feature organs such as the left and right kidneys and the bladder in each slice for both MR and PET image volumes. We calculated the area and the center point for each slice. Then, we compute the three-dimensional centroid of the organs. To evaluate the registration error, we computed the distance between corresponding centroids. For three mice, the registration error is 1.5 ± 0.4 mm, about 2 µPET pixels. More importantly, µPET resolution is about 2 mm. 
Combining PET Emission and Transmission Images
We found that only using PET emission image led to the registration failure and that it is important to add transmission image for the registration. We think the anatomic information from transmission image may be good for the mutual information image registration. However, increasing the percentage of transmission image from 10% to 100% made no significant difference.
CONCLUSION
We created a rigid body image registration method for µPET and high MR images for a new application in small animal imaging. The registration and fusion provided both functional and anatomic information that could be useful for the potential application in photodynamic therapy. We are going to perform more imaging experiments and we are developing deformable registration method for small animals.
